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Summary
DNA methyltransferases methylate target bases within
specific nucleotide sequences. Three structures are
described for bacteriophage T4 DNA-adenine methyl-
transferase (T4Dam) in ternary complexes with par-
tially and fully specific DNA and a methyl-donor ana-
log. We also report the effects of substitutions in the
related Escherichia coli DNA methyltransferase
(EcoDam), altering residues corresponding to those
involved in specific interaction with the canonical
GATC target sequence in T4Dam. We have identified
two types of protein-DNA interactions: discriminatory
contacts, which stabilize the transition state and ac-
celerate methylation of the cognate site, and anti-
discriminatory contacts, which do not significantly af-
fect methylation of the cognate site but disfavor
activity at noncognate sites. These structures il-
lustrate the transition in enzyme-DNA interaction
from nonspecific to specific interaction, suggesting
that there is a temporal order for formation of spe-
cific contacts.
Introduction
Many DNA binding proteins are noncatalytic and exert
their effects by binding at appropriate locations on the
double helix. A solution structure of the E. coli lac re-
pressor DNA binding domain bound to nonspecific
DNA revealed that the same set of protein residues can
switch from an electrostatic interaction with the DNA
backbone in a nonspecific complex to a specific bind-
ing mode with DNA base pairs in the cognate operator
sequence (Kalodimos et al., 2004). Nonspecific DNA-
protein interactions may accelerate target-site en-
counters in vivo by permitting the protein to sample
many such sites in each binding event within a sliding
range of w100 base pairs before dissociating from the
DNA (Halford and Marko, 2004). Proteins such as DNA*Correspondence: a.jeltsch@iu-bremen.de; xcheng@emory.edu
4 These authors contributed equally to this work.methyltransferases (MTases) recognize specific nucleo-
tide sequences with the added constraint of having to
bring catalytic side chains and the target nucleotide to-
gether. In a process termed “base flipping,” DNA
MTases rotate the target nucleoside w180° along the
flanking phosphodiester bonds such that the flipped
nucleoside projects into the catalytic pocket (Klima-
sauskas et al., 1994).
Dam DNA-adenine MTases, which methylate the exo-
cyclic amino nitrogen (N6) of Ade in GATC (Hattman et
al., 1978; Lacks and Greenberg, 1977), are widespread
among enteric bacteria and some of their bacterio-
phages (Hattman and Malygin, 2004). Dam methylation
at GATC sites plays pivotal roles in bacterial and phage
gene expression (Hattman, 1999; Hernday et al., 2003;
Julio et al., 2002; Løbner-Olesen et al., 2003; Oshima et
al., 2002), DNA replication (Messer and Noyer-Weidner,
1988), mismatch repair (Modrich, 1989; Yang, 2000),
phase variation (Hernday et al., 2003), and bacterial vir-
ulence among Gram-negative bacteria (Garcia-Del Por-
tillo et al., 1999; Heithoff et al., 1999). Dam methylation
is essential for the virulence of a growing list of bacte-
rial pathogens, including Salmonella typhimurium (Gar-
cia-Del Portillo et al., 1999; Heithoff et al., 1999; Heithoff
et al., 2001), Neisseria meningitidis (Bucci et al., 1999),
E. coli (Krabbe et al., 2000), Yersinia pseudotuberculo-
sis (Julio et al., 2001), Vibrio cholerae (Julio et al., 2001),
Pasteurella multocida (Chen et al., 2003), and Hae-
mophilus influenzae (Watson et al., 2004). Salmonella
mutants that lack Dam activity are attenuated for viru-
lence in mice and confer protection against murine ty-
phoid fever (Dueger et al., 2001; Dueger et al., 2003),
and inactivation of Dam attenuates H. influenzae viru-
lence (Watson et al., 2004). These observations raise
the possibility that Dam inhibitors might have broad an-
timicrobial action.
Bacteriophage T4Dam contains two domains (Yang
et al., 2003): a catalytic domain that binds the methyl
donor S-adenosyl-L-methionine (AdoMet) and a DNA
binding domain that contains a β hairpin loop (residues
110–130 in T4Dam), which is conserved in the family
of GATC-related MTase orthologs (Lauster et al., 1987).
T4Dam, like EcoDam (Urig et al., 2002), modifies DNA
processively, i.e., repetitively continuing catalytic func-
tion by exchanging methylation product S-adenosyl-L-
homocysteine (AdoHcy) for AdoMet without dissociat-
ing from the DNA (Zinoviev et al., 2003). In a ternary
complex with AdoHcy and a 12 bp synthetic DNA du-
plex, T4Dam interacts only with the sugar-phosphate
backbone despite the presence of a central GATC se-
quence (Yang et al., 2003). Here we report three crystal
structures of T4Dam bound to longer DNA substrates.
These structures afford snapshots that suggest a pos-
sible mechanism for a pathway of stepwise recognition
of the specific target sequence. Residues were iden-
tified that mediate nonspecific or sequence-specific
contacts. Two Arg residues (R130 and R116) can switch
roles from a purely electrostatic interaction with DNA
phosphates in the nonspecific complex to a highly spe-
cific binding mode with base pairs in the specific or
Cell
350semispecific complex. On the other hand, the phos- a
Fphate-interacting residues R95 and N118 in the specific
complex are not involved in any DNA interaction in the t
mnonspecific complex. We also investigated whether the
information derived from T4Dam structure has rele-
vance to understanding the family of bacterial Dam T
MTase orthologs. To this end we studied the effect of W
site-directed mutations in EcoDam altered at residues o
that are conserved within the Dam family and are p
known to be involved in specific interaction with the a
GATC target site in T4Dam. Three EcoDam variants p
showed changes in target-sequence specificity. R124A h
had an overall reduction in catalytic activity but methyl- p
ated two noncanonical sequences (GATT and GATG) A
faster than the canonical GATC. In contrast, variants e
P134A and P134G retained full enzymatic activity on s
GATC but gained the ability to methylate the noncanon- d
ical sequences GACC and GAAC. In addition, while the T
L122A variant had slightly reduced activity, it showed a
dramatic increase in specificity due to a loss in ability c
to methylate noncanonical sites. These strong effects b
correlate with the central role of these residues in the (
enzyme-DNA interface. s
t
(Results
F
pT4Dam Complexed with a 13-mer Oligonucleotide:
gNonspecific Interactions and the 1/4-Site Recognition
nWe crystallized a ternary complex containing T4Dam,
(AdoHcy, and a 13-mer oligonucleotide containing a sin-
sgle GATC target site. The DNA duplex contains a 5#-
soverhanging Ade in one strand and a 5#-overhanging
cThy in the other strand such that the Ade and Thy
twould form a base pair at the joint of two molecules if
tthe DNA duplexes were stacked head to tail. Unexpect-
edly, the helical axes of the two DNA molecules in the
crystal were shifted relative to one another by w12 Å T
T(Figure 1A). In the crystallographic asymmetric unit, two
Dam monomers (molecules A and B) bind each DNA h
fduplex (Figure 1A). Dam molecule A primarily binds to
a single DNA duplex spanning eight base pairs. It con- b
Dtacts two phosphates 5# to each GATC in both strands
via hydrogen bonds or electrostatic interactions. These u
sare mediated to one strand by the side chains of Q12
and S13 in the N-terminal loop and by R130 and N133 i
Twith the complementary DNA strand (Figure 1B).
Dam molecule B binds the joint between the two DNA f
aduplexes. In addition to phosphate interactions, which
span 12 base pairs between the duplexes, R116 of T
tmolecule B makes bifurcated hydrogen bonding in-
teractions with Gua in the G:C base pair at position 3 c
g(Figures 1C and 1D). Unexpectedly, the next potential
G:C base pair (position 2) is unpaired, along with the s
b5#-overhanging terminal Ade (position 1). The 5#-over-
hanging Thy of the next DNA molecule approaches, be- w
wcomes extrahelical, and stacks with the Cyt of the G:C
base pair (at position 3), while the phenyl ring of F111 s
stacks on the other side (Figure 1C). The carbonyl O4
atom of the Thy makes a van der Waals contact with t
dM114, while its methyl group is in contact with P126
(Figure 1D). The amino acid residues involved in base- p
gspecific interactions (F111, M114, R116, and P126) and
with the two phosphates 5# to the Gua (R91 and N118) mre invariant in the Dam family of GATC MTases (see
igure 1 of Yang et al., 2003). It seems as if T4Dam
raps the sequence at the joint in a conformation that
imics part (w1/4) of the recognition sequence.
4 Dam Complexed with a 15-mer Oligonucleotide
e designed a self-complementary 15-mer oligonucle-
tide with the end sequence of the duplex representing
art of the GATC target sequence (see Figure 2A). In
ddition, we reduced the ratio of protein to DNA to ap-
roximately half of that previously used because we
ad observed two Dam molecules bound per DNA du-
lex. The new ternary complex of T4Dam, DNA, and
doHcy crystallized by forming three layers of a large
nzyme-substrate network (Figure S1). The enzyme-
ubstrate complexes along one layer contain four DNA
uplexes (blue, green, magenta, and orange) and five
4Dam molecules (Figure 2A).
We observed three basic features of the ternary-
omplex layers. First, all of the joints between neigh-
oring DNA duplexes are occupied by a Dam molecule
Figure 2A). Three of these Dam molecules have very
imilar protein-DNA interactions (the 3/4-site recogni-
ion), so we designated all three of them as molecule C
to distinguish from the A and B molecules shown in
igure 1). These occupy the joints between DNA du-
lexes, which are shown in Figure 2A as blue and
reen, green and magenta, and orange and blue (of the
ext set of four), respectively. Second, only one Dam
molecule E in Figure 2A) is bound to the specific GATC
ite in the middle of the orange DNA, exhibiting full-
ite recognition in what appears to be a catalytically
ompetent conformation. Third, molecule D occupies
he joint between magenta and orange DNA and in-
eracts with a noncanonical site (see below).
he 3/4-Site Recognition
he adjacent green and blue DNA duplexes are stacked
ead to tail, aided by F111 stacking with 5# Thy bases
rom the two duplexes (Figure 2B). There are additional
ase-specific interactions between the enzyme and the
NA in the joint of the two duplexes. As shown in Fig-
re 2C, R116, P126, and M114 interact with one half-
ite (green duplex of Figure 2B), while S112 and R130
nteract with the second half-site (blue in Figure 2B).
he side chain guanidino groups of R116 and R130
orm the same bifurcated hydrogen bonds with the N7
nd O6 atoms of the two 5# Gua bases, respectively.
he two overhanging Thy bases differ in their interac-
ion with T4Dam. M114 and P126 make van der Waals
ontacts with the methyl group and O4 atom of the
reen Thy base while leaving it available to make Wat-
on-Crick hydrogen bonds with a complementary Ade
ase. In contrast, S112 makes two hydrogen bonds
ith the Watson-Crick edge of the blue Thy base,
hose methyl group interacts with the Ca atom of con-
erved G128.
These observations indicate that T4Dam preferen-
ially binds at the joint of two duplexes, which mimics
amaged DNA or altered recognition sites. This is sur-
rising but consistent with biochemical data that sug-
est that binding specificity for DNA MTases is deter-
ined by the nucleotides flanking the target nucleotide
Recognition Pathway of Dam DNA Methyltransferase
351Figure 1. Structure of T4Dam-AdoHcy-13-mer DNA
(A) The two DNA molecules, shown at right with the helical axes projecting out of the page, are shifted relative to one another perpendicularly
to the DNA axis (PDB code 1YF3).
(B) Schematic summary of the protein-DNA contacts in the nonspecific complex (molecule A, gray) and the 1/4-site recognition complex
(molecule B, red).
(C) F111 of the hairpin loop of the joint binding Dam (molecule B) stacks with the 5# Thy (blue).
(D) Specific interactions are observed for R116-Gua, P126-Thy, and M114-Thy.and that DNA MTases bind more tightly to substrates
containing mismatches at the target base (Cheng and
Roberts, 2001; Klimasauskas and Roberts, 1995). In
other words, DNA MTases do not depend on the flipped
target base for recognition-site interaction. Presence of
only one-half of the recognition site on one strand was
sufficient for stable complex formation with T4Dam
provided that the 5# G:C base pairs were present at
both ends of the palindrome (Hattman and Malygin,2004). This is exactly what we observed for the joint
formed by the 3/4-site complex.
Full-Site Recognition Involves a Protein
Side Chain Intercalation
Only one T4Dam (molecule E) occupies a GATC site (or-
ange DNA) (Figure 3A). The β hairpin makes nearly the
same specific interactions with DNA bases in the major
groove as observed on the 3/4 site. F111 and S122 both
Cell
352Figure 2. Structure of T4Dam-AdoHcy-15-
mer DNA
(A) All joints between two DNA duplexes are
occupied by Dam molecules, labeled as C or
D, while only one specific GATC site is
bound by molecule E (PDB code 1YFJ).
(B) F111 in the hairpin loop of Dam molecule
C stacks with two 5# Thy (blue and green).
(C) Specific interactions are mediated by
R116, P126, M114, S112, G128, and R130.
Malygin et al. (1999) suggested that T4Dam
makes hydrogen bonds with either the Gua
N7- or O6-keto groups (or both) in forming
the complex.insert their side chains into the DNA from the major- t
agroove side (Figure 3A). Although the target Ade is
flipped out of the duplex, its electron density was not t
svery well ordered in the active site (see below for details
of active-site interactions). The side chain of S112 oc- r
icupies the space left by the flipped Ade, forming two
hydrogen bonds with the “orphaned” Thy, similar to t
Cthat observed in the 3/4-site complex. This S112 in-
teraction restores hydrogen bonding to the polar edge s
of the orphaned Thy and replaces its stacking to the
flanking base pairs (Figure 3A). The Thy-S112 interac- I
Ftion is similar to other protein-side-chain-orphaned
base interactions such as those for Gua-Q237 of DNA- s
icytosine MTase HhaI (Klimasauskas et al., 1994), Thy-
Y162 of human 3-methyladenine DNA glycosylase (Lau a
oet al., 1998), and Cyt-N149 of human 8-oxoguanine
DNA glycosylase (Bruner et al., 2000). o
oThe phenyl ring of F111 intercalates into the DNA he-
lix and stacks between the adjacent A:T base pair and a
Cthe Thy:S112 “base-amino acid” pair, resulting in a local
doubling in helical rise (Figure 3A). The intercalation of m
bamino acids between DNA base pairs from the major-
groove side has been described for several protein- c
dDNA complexes. In the M.HaeIII-DNA complex, Ile221
lies between the stacked bases and opens a gap in the N
tDNA so that the orphaned Gua pairs with an adjacent
Cyt (Reinisch et al., 1995). In the very short patch-repair a
Gendonuclease-DNA complex, three aromatic residues
intercalate into the DNA next to the TG mismatch (Tsu- sakawa et al., 1999). In the HincII restriction endonucle-
se-DNA complex, a Gln side chain intercalates be-
ween two base pairs on either side of the recognition
ite (Horton et al., 2002). In addition, intercalation by the
epair enzyme formamido-pyrimidine-DNA glycosylase,
n which the F111-M75 residue pair is stacked between
he A:T base pair and the base-amino acid pair
yt:R109, has been observed from the minor-groove
ide of DNA (Serre et al., 2002).
nteraction with a Noncanonical Site
111 intercalation by molecule E into the central AT
tacking effectively causes a one-base-pair lengthen-
ng of the DNA molecule depicted in orange (Figures 4A
nd 4B). The expansion is propagated toward one end
f the DNA molecule, resulting in two disordered nucle-
tides of the neighboring duplex (magenta). The 5#-
verhanging Thy of the magenta DNA is pushed out
nd apparently becomes disordered, resulting in the
yt of the next base pair stacking with F111 of Dam
olecule D. The side chain of S112 approaches the Cyt
ase with the side chain hydroxyl oxygen and the exo-
yclic amino nitrogen N4 of the Cyt at a van der Waals
istance, partly because of repulsion force between the
4 amino nitrogen (NH2) and the main chain amide ni-
rogen (NH) (Figure 4C). The interaction between S112
nd Cyt is sufficient to displace the complementary
ua and make it disordered. The side chain of R130
kips the next A:T base pair and interacts with the Gua
Recognition Pathway of Dam DNA Methyltransferase
353Figure 3. Intercalation of the T4Dam F111
(A) Interactions between molecule E and a
canonical GATC site. A dashed light-blue cir-
cle labels the flipped-out Ade. The region of
intercalation of T4Dam into the DNA is la-
beled by a dashed dark-blue circle and
shown enlarged in the right panel. F111 of
molecule E intercalates between the AT base
pair and the Thy:S112 “base-amino acid”
pair.
(B) Chemical structures of AdoMet, AdoHcy,
and sinefungin.
(C) Active-site conformation in the presence
of sinefungin (PDB code 1YFL). An invariant
N-terminal residue K11 interacts with the
side chains of D171 and Y174 as well as the
backbone carbonyl oxygen of G9; the same
D171-K11-Y174 interactions were observed
in the binary structure of T4Dam-AdoHcy
(Yang et al., 2003). The D171-K11-Y174 in-
teraction is likely to be critical for normal
function since a K11S substitution virtually
abolishes enzyme activity (V.G. Kossykh, S.L.
Schlagman, and S.H., unpublished data).
The amino group of K11 is also close to the
ring N1 atom of the target Ade. The mutant
of the corresponding Lys in M.EcoRV (K16R)
showed an altered specificity toward the
target base (Roth and Jeltsch, 2001).of the adjacent downstream G:C base pair (Figure 4C).
Since the presence of a Gua downstream of a GATC (or
modified TATC) site does not support catalysis (data
not shown), we assume this complex exemplifies the
interaction of T4Dam with an isolated TC dinucleotide
site in the DNA, which does not lead to DNA methyl-
ation.
Stabilization of the Flipped Adenine
in the Presence of Sinefungin
Thus far we had prepared ternary complexes using the
methylation reaction product AdoHcy. The protein-Ado-
Hcy interactions for each protamer are nearly identical
to those described in the T4Dam-AdoHcy binary com-
plex (Yang et al., 2003). In the full-site recognition com-
plex between Dam molecule E and the orange DNA
(Figure 3A), the target Ade is flipped out but not fully
ordered in the active site. We reasoned that productAdoHcy might signal the enzyme to release from the
target site in order to exchange for AdoMet prior to the
next methyl transfer. Thus, stable binding of the flipped
Ade in the active-site pocket probably requires Ado-
Met, as has been suggested for EcoDam (Liebert et al.,
2004). Therefore, we used the AdoMet analog sinefun-
gin (adenosyl ornithine) to prepare a new ternary com-
plex because it also carries a formal positive charge on
the  amino group (Figure 3B).
The new crystal contains two T4Dam molecules (not
shown), one bound in the joint of two DNA duplexes,
similar to the Dam C molecules in Figure 2B, and the
other bound to the specific GATC site in the middle of
one duplex, similar to the Dam E molecule in Figure 3A.
The flipped Ade is surrounded (via hydrogen bonds, π
stacking, and hydrophobic interactions) by amino acids
belonging to the conserved catalytic D171-P-P-Y174
motif (Malone et al., 1995), Y181, K11, and sinefungin
Cell
354Figure 4. Interactions with a Noncanonical
Site
(A) F111 intercalation by molecule E into the
central AT stacking of the DNA molecule de-
picted in orange effectively causes a one-
base-pair lengthening. The expansion re-
sults in two disordered nucleotides (shaded)
of the neighboring duplex (magenta).
(B) Interactions between molecule D and a
noncanonical site. The 5#-overhanging Thy
of the magenta DNA is pushed out and ap-
parently becomes disordered, resulting in
the Cyt of the next base pair stacking with
F111 of Dam molecule D.
(C) Detailed interactions of R130 and the ex-
ternal G:C base pair and S112-Cyt are
shown.(Figure 3C). The Ade N6-amino group that becomes u
smethylated forms a pair of hydrogen bonds; one is to
the side chain of D171, and the other is to the backbone c
Lcarbonyl oxygen between the two proline residues
P172 and P173. The target amino nitrogen is at a dis- P
ctance of less than 3 Å away from the sinefungin  amino
group, which is out of the plane of the constrained Ade t
abase. This structural arrangement suggests that the
target nitrogen lone pair is deconjugated and posi-
stioned for an inline direct methyl-group transfer as sug-
gested for the TaqI DNA-adenine MTase (Goedecke et a
aal., 2001). The  amino group of sinefungin forms a hy-
drogen bond with the hydroxyl of Y181, which in turn N
binteracts with the main chain carbonyl of T8. The oppo-
site face of the flipped Ade is in a face-to-face π stack- c
ting with the aromatic ring of Y174.
K
vBiochemical Analysis of EcoDam Variants
KEcoDam has considerable sequence similarity (25%
Didentity) to T4Dam (Hattman et al., 1985) but has signifi-
cantly higher sequence conservation with Dam en-
tzymes from pathogenic bacteria. For example, the
vE. coli and S. typhimurium Dam proteins are 92% iden-
ttical (differing at only 22 of 278 residues) and have no
igaps in their alignment. Because of the biological im-
eportance of the Dam family, we investigated whether
tthe T4Dam structures contribute to understanding the
bfunction of these orthologs. To this end we studied the
effects of substituting Ala for residues in EcoDam (Fig- nre 5A) that correspond to those involved in T4Dam-
pecific interaction with its target GATC site. This in-
ludes Y119 (F111 in T4Dam), N120 (S112 in T4Dam),
122 (M114 in T4Dam), R124 (R116 in T4Dam), and
134 (P126 in T4Dam). All of these residues are highly
onserved among Dam orthologs. In addition, we mu-
ated residues R137, Y138, and K139 since these could
ssume the function of T4Dam Arg130 (Figure 5A).
The R124A and Y119A variants were the most
trongly affected by the Ala substitution; their catalytic
ctivity was reduced more than 100-fold (Figure 5B,
nd see T4Dam R116 and F111 in Figure 2B). N120A,
120S, and L122A were affected only slightly. DNA
inding by the R124A variant was reduced 10-fold (ac-
ounting for only one-tenth of the drop in catalytic ac-
ivity), while binding of Y119A, P134A, P134G, and
139A was reduced 2- to 3-fold (Figure 5C). The other
ariants (N120A, N120S, L122A, R137A, Y138A, and
139A) did not display any appreciable difference in
NA binding compared to the wild-type.
To further investigate the process of DNA recogni-
ion, the rate of DNA methylation by the wild-type and
ariant enzymes was determined using duplexes con-
aining a single hemimethylated target (N6-methyl-Ade
n the bottom strand, third base pair in Figure 5A). This
nsured that only one strand of the DNA was subject
o methylation (i.e., the Ade of the top strand, second
ase pair in Figure 5A). The duplexes contained the ca-
onical GATC site or a variant with a single base substi-
Recognition Pathway of Dam DNA Methyltransferase
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(A) Schematic summary of protein-DNA base contacts in the specific complex and sequence alignment of the β hairpin loop of T4Dam
(G110-T131, recognition sequence GATC), EcoDam (G118-K139, recognition sequence GATC), and EcoRV (C122-P143, recognition sequence
GATATC). The flipped target base is labeled as a shaded X. Point mutations made in the EcoDam are indicated (note the differences in
numbering of residues). It should be noted that the normal in vivo substrate for T4Dam is phage DNA containing glucosylated 5-hydroxy-
methyl-Cyt (hmCyt) in place of Cyt. Phage hmCyt-containing DNAs (with or without the presence of glucosylation) are not methylated by
EcoDam (Hattman, 1970). As seen in the structures presented here, neither of the Cyt bases in the palindromic GATC site (Cyt1 or Cyt4)
makes contact with T4Dam. In the specific complex, the shortest distance between the protein and these bases is 6.3 Å from Cyt4 to V178
and 7.7 Å from Cyt1 to K129. In this regard, EcoDam has insertions in both places, viz. six additional residues adjacent to V178 and two
additional residues adjacent to K129 (see Figure 1 of Yang et al., 2003). These additional residues in EcoDam might sterically clash with the
hydroxymethyl group on either hmCyt base (or both) and prevent the enzyme from methylating the DNA.
(B and C) Single-turnover DNA methylation rates (B) and DNA binding affinities (C) of wild-type EcoDam and its variants. EcoDam variants
were cloned, expressed in E. coli, and purified to homogeneity.tution at either the first, third, or fourth base pair of the
target sequence (see Figure 5A); these variant sites are
designated here as “near-cognate” sites (a total of
nine). In this fashion, a specificity profile of the wild-
type enzyme and its variants was obtained (Figure 6).
Wild-type EcoDam is a very specific enzyme because
near-cognate sites were modified 100- to 1000-fold
more slowly than the cognate site (Figure 6A). The first
position of the GATC sequence is recognized less ac-
curately than the third and fourth base, in agreement
with earlier findings (Liebert et al., 2004). It is interesting
that the contact by R130 of T4Dam to this base is not
well conserved among other members of the Dam fam-
ily (e.g., substituted by Y in EcoDam; see Figure 5A)
and that the R130-Gua1 contact is not yet formed in
the 1/4-site complex (compare Figures 1C and 2B).
EcoDam variants altered at residues that might be in-
volved in the recognition of the first base pair (R137A,
Y138A, and K139A) did not exhibit any strong changes
in methylation activity or specificity (Figure S2).
In contrast to the first position, the third and fourth
bases of GATC are recognized more accurately. At both
positions, transitions (Thy3 to Cyt or Cyt4 to Thy) are
less deleterious than transversions, indicating that con-
servative exchanges are more tolerable. The contact
between T4Dam R116 and Gua4 (Figure 2C) is con-
served among Dam MTases (e.g., Figure 5A). We deter-
mined the specificity profile of the corresponding Eco-
Dam R124A variant (Figure 6B). In agreement with the
T4Dam structure, GATG and GATT sites were methyl-ated by R124A faster than the canonical GATC site. In
contrast, wild-type EcoDam methylation of these two
near-cognate sites was three orders of magnitude slower
than methylation of GATC. Thus, while R124A has a 100-
fold-reduced rate of DNA methylation at GATC sites rela-
tive to wild-type EcoDam, it methylated GATG and GATT
sites 2- to 3-fold faster than GATC and 30- to 40-fold
faster than the wt enzyme modified GATG or GATT.
Therefore, R124A has lost the discriminatory require-
ment for a C:G base pair at the fourth position of GATC.
In order to analyze this information more quantitatively,
we have defined a specificity factor by integrating the
relative methylation activities at all near-cognate sites
(Experimental Procedures). A comparison of specificity
factors for the recognition of position 4 (S4) reveals that
the R124A variant has an 8000-fold-changed relative
preference for methylation of near-cognate sites modi-
fied at the fourth position (Figure 6F). No other variant
showed such a strong change in S4. Furthermore, the
R124A variant retained (or even increased) its specific-
ity for the first and third positions in GATC, so this is a
base pair-specific change (Figure 6B).
We found a similar base pair-specific loss of specific-
ity associated with T4Dam residues P126 and M114,
which recognize the T:A base pair at the third position
of GATC (see Figure 5A). Naturally occurring variant
phage enzymes (T2Damh and T4Damh), which effi-
ciently modify GACC sites in addition to the canonical
GATC site (Brooks and Hattman, 1978), contain a
P126S substitution (Miner et al., 1989). In addition,
Cell
356Figure 6. Specificity Profiles of EcoDam
(A–E) Single-turnover methylation rates of
wild-type and variants are given for the cog-
nate GATC (light-blue bars) as well as all nine
near-cognate substrates. On the horizontal
axis the three positions of the GATC site that
are mutated are given (G = GATC, T = GATC,
C = GATC). On the right axis the new base
introduced at each position is specified (for
an example, see Figure S2). The methylation
rates of the respective pairs of enzyme and
substrate are given on the vertical axis (note
the logarithmic scaling).
(A) Wild-type, (B) R124A, (C) P134A, (D)
P134G, and (E) L122A.
(F–H) Specificity factors (defined in Experi-
mental Procedures) of EcoDam variants for
recognition of the fourth (S4) (F) and third po-
sitions (S3) (G) of the GATC sequence and
overall specificity factors (H). All values are
given as relative changes with respect to the
wild-type. The specificity factor of wild-type
EcoDam was 540; the value was increased
at least 30-fold in the case of the L122A vari-
ant. Because no activity at near-cognate
sites could be detected with the L122A vari-
ant, the specificity factor given here is a
lower limit, indicated by the arrow. The spe-
cificities of the R124A, P134A, and P134G
variants were dramatically reduced. The
specificity factors of all other variants did not
show large deviations when compared with
the wild-type enzyme.P126G, -A, or -C substitutions behaved in a Damh-like c
tfashion (Miner et al., 1989). In this regard, it is perhaps
not surprising that EcoDam P134A and P134G variants f
ahad normal catalytic activity at GATC sites (Figure 5B).
However, P134A exhibited a significant increase in
Tmethylation rates of GAAC and GACC substrates, with
GACC being modified at almost the same rate as ca- (
inonical GATC (Figure 6C). This change in preference
corresponds to a more than 100-fold loss in sequence (
sdiscrimination at the third base when compared to wild-
type EcoDam. Further shortening of the side chain of b
iP134 to glycine eliminated discrimination between
GAAC and GACC, which were methylated at a rate W
dabout 10-fold lower than GATC (Figure 6D). The change
in P134A and P134G recognition of the third base pair c
bis illustrated in Figure 6G, where the specificity factor
for recognition of the third base (S3) is compared for t
tall variants. This ratio is shifted 1200- to 1500-fold incomparison to wild-type EcoDam. However, thesehanges do not result in simple loss of specificity at the
hird position: GATC sites are still preferred about 10-
old relative to GA(A/C)C, while GAGC sites are methyl-
ted at least 1000-fold more slowly.
The activity of the L122A variant of EcoDam (M114 in
4Dam; Figures 2B and 2C) is not appreciably reduced
Figure 5B). Intriguingly, however, no methylation activ-
ty was detectable for any of the near-cognate sites
Figure 6E). This indicates that the L122A variant has a
ignificantly improved specificity (Figure 6H). This can
e rationalized by assuming that the side chain of L122
s required to stabilize the whole protein-DNA interface.
hereas the L122A change alone does not severely re-
uce catalytic activity on the normal GATC substrate, a
ombination of L122A with the change of any of the
ase pairs in the recognition site may disturb synergis-
ically the protein-DNA interface, and this could explain
he complete loss of activity.In addition to residues making base-specific con-
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357tacts, we studied the aromatic residue that intercalates
into the DNA (Y119 in EcoDam, F111 in T4Dam; Figure
3A) and the adjacent hydrophilic residue that contacts
the orphaned Thy (N120 in EcoDam, S112 in T4Dam;
Figure 3A). As shown in Figure 5B, Y119A was the sec-
ond-most-affected variant. This suggests that interca-
lation of the aromatic ring into the DNA is an important
step in enzyme catalysis, possibly involved in initiating
or stabilizing base flipping. In contrast, removal of the
side chain of N120 (N120A) had only a minor effect on
methylation rate, although the structure of the specific
T4Dam-DNA complex suggests an important role for
this amino acid in base flipping. This finding is consis-
tent with the fact that base flipping is fast and not rate
limiting in catalysis for EcoDam and other DNA MTases
(Allan et al., 1999; Beck and Jeltsch, 2002; Liebert et
al., 2004).
Discussion
DNA recognition by proteins is essential for specific ex-
pression of genes in any living organism. Although the
principle of proteins recognizing DNA sequences by
contacts in the major groove has been known for de-
cades (Seeman et al., 1976), there is no general code
allowing one to deduce amino acid motifs from their
target DNA sequences. Notable exceptions are the
C2H2-type zinc fingers, where the DNA recognition pro-
cess is sufficiently understood to define a DNA recogni-
tion code of this family of proteins (Pabo et al., 2001).
Consequently, the rational design not only of DNA-
interacting enzymes but also of even noncatalytic pro-
teins is still in its infancy.
Here we describe six unique T4Dam-DNA interac-
tions along the substrate-recognition pathway (Figure
7). Surprisingly, both protein and DNA components un-
dergo very little overall conformational change upon
binding. The protein structures of the nonspecific,
semispecific, and specific complexes can be superim-
posed within 0.4–0.8 Å of root-mean-square deviation
with that of the binary T4Dam-AdoHcy complex (PDB
code 1Q0S). The DNA component is primarily in the B
form, except for the one-base-pair expansion caused
by F111 intercalation and the flipping of the target nu-
cleoside out of the DNA helix and into the enzyme’s
catalytic pocket in the specific complex. However,
three prominent orientations of T4Dam relative to the
DNA helical axis were observed. The β hairpin loop,
whose axis is defined in parallel to the β strands form-
ing the hairpin, sits almost perpendicular (w80°) to the
DNA axis in the nonspecific complexes (Figure 7A),
where R130 forms one phosphate contact. Nonspecific
interactions also occur in the DNA minor groove (Figure
7B), where the protein tilts to w45° relative to the DNA
and the second Arg of the hairpin loop (R116) forms
one of the phosphate interactions. Direct interactions
with bases occur only in the DNA major groove (Figures
7C–7F), where the angle between the axes of the β hair-
pin and DNA is w30° in the 1/2-site complex and w25°
in the 3/4-site and full-site complexes. These results
suggest that T4Dam moves along the DNA and rotates
up and down as a rigid body relative to the DNA.
Interestingly, the phosphate-interacting residues R95
and N118, which hydrogen bond with the first and sec-ond phosphates 5# to the Gua4 in the specific complex
(or in any complex involving R116-Gua4 interaction;
Figures 7C–7F), are not involved in any DNA interaction
in the nonspecific complexes (Figures 7A and 7B). Two
different pairs of residues (Q12 and S13, and R130 and
N133) interact with the two phosphates 5# to each Gua
of the GATC palindrome in the nonspecific complex
(see Figure 1B). In contrast, two Arg residues (R130 and
R116) can switch roles from a purely electrostatic in-
teraction with the DNA phosphate in the nonspecific
complexes (Figures 7A and 7B) to a highly specific
binding mode with base pairs of the specific or semi-
specific complexes (Figures 7C–7F). A similar switch in
interaction with DNA was observed for the residue R22
of E. coli lac repressor (Kalodimos et al., 2004). This
switch effectively reorients T4Dam, thereby positioning
the enzyme’s active-site pocket to accommodate the
flipped target base. After catalysis, the enzyme moves
away from the target site and rotates back into the per-
pendicular orientation, exposing the active site to
solvent and allowing AdoHcy to exchange for AdoMet.
This mechanism would ensure that base flipping and
methyl transfer specifically occur in a complex with
cognate GATC sites and that AdoHcy/AdoMet ex-
change is possible after each turnover without dissoci-
ation from the DNA.
Our data suggest a temporal order for the formation
of specific contacts during the one-dimensional sliding
of T4Dam along the DNA. The contact of R116 to the
fourth base pair of the GATC site is observed in the
1/4- and 3/4-site recognition complexes. Next, the con-
tacts of P126 and M114 to the third base pair are
formed. All of these residues are strictly conserved
within the Dam MTase family. The contact of R130 to
Gua1 that is specific to T4Dam is formed later. This re-
sult agrees with a similar conclusion drawn from rapid
kinetics experiments with M.EcoRV variants (Beck and
Jeltsch, 2002). In this enzyme, substitutions of amino
acids conserved in the enzyme family (such as N136A)
interfered with specific complex formation at an early
state, while substitutions of amino acids characteristic
of EcoRV (such as R145A) interfered with complex for-
mation at later stages. This finding might illustrate a
general pathway for changes of DNA specificity of pro-
teins and enzymes during molecular evolution. The re-
cent study on human DNA-repair protein O6-alkylgua-
nine-DNA alkyltransferase (AGT) suggested that the
recruitment of multiple AGT molecules to the same re-
gion of DNA might aid the search for DNA damage
through a process of directional bias (Daniels et al.,
2004). However, such directional bias was only ob-
served for the repair of single-stranded DNA by AGT
but not for double-stranded DNA, and the system can-
not be directly compared to the Dam MTases because
T4Dam and EcoDam move along double-stranded DNA
(Figure 2A), whereas AGT forms polymers.
We analyzed the biochemical effects of altering the
contacts described above in double-mutant cycles
(Fersht et al., 1992). This involved shortening the re-
spective amino acid side chains and using DNA sub-
strates with near-cognate sites. We found that it was
possible to predictably design MTase variants that no
longer recognize one specific base pair within their re-
cognition site. The EcoDam R124A variant displayed a
change in specificity because it had a significantly
Cell
358Figure 7. Snapshots of T4Dam-DNA Interactions Illustrated by Orientation of the Protein Hairpin Loop Relative to the DNA Axis
(A) Nonspecific complexes with R130 involved in phosphate contact.
(B) Nonspecific complex with R116 involved in phosphate contact.
(C) The 1/4-site complex with R116 involved in base-specific contact and N118 and R130 in phosphate contacts.
(D) The 3/4-site complex with R116 and R130 involved in base-specific contacts and N118 in phosphate contact.
(E) Interaction with a noncanonical site.
(F) A full-site complex.higher catalytic activity toward a near-cognate site. In
Daddition, the EcoDam P134A variant (the analog of the
T4Damh MTase) methylated a near-cognate site at al- d
tmost the same rate as wild-type EcoDam modified the
canonical site, indicating a broadened specificity (Fig- e
ure 6).In this work we have identified two types of protein
NA contacts, discriminatory and antidiscriminatory. A
iscriminatory contact is one that stabilizes the transi-
ion state of enzymatic catalysis and specifically accel-
rates the reaction with the cognate site. The contactbetween R116 of T4Dam (R124 of EcoDam) and the
Recognition Pathway of Dam DNA Methyltransferase
359Gua4 is an example of a discriminatory contact. Disrup-
tion of the contact by removal of the amino acid side
chain led to a strongly reduced activity of the enzyme
variant. An antidiscriminatory contact, e.g., the contact
between P126 of T4Dam (P134 of EcoDam) and the
third base pair of the recognition site, is one that does
not significantly accelerate the reaction with the cog-
nate site but disfavors activity at near-cognate sites be-
cause steric clashes may occur if the wrong DNA se-
quence is bound. This would strongly interfere with
methylation of most noncanonical DNA sequences and
lead to an efficient counterselection against methyla-
tion of nontarget sites. This is illustrated by the high
activity and broadened specificity of EcoDam variants
P134A and P134G.
Experimental Procedures
Crystallography
T4Dam was expressed and purified as described previously (Kos-
sykh et al., 1995; Yang et al., 2003). AdoHcy or sinefungin was
added at a 3:1 molar excess before concentration. The protein was
concentrated to w60 mg/ml and later incubated with annealed oli-
gonucleotide at various protein/DNA ratios for at least 2 hr on ice
before setup of crystallization trials.
Three data sets were collected (Table S1). Data set 1 (PDB code
1YF3) was collected from a crystal containing the 13-mer oligonu-
cleotide (with a protein/DNA ratio of w2:1) and AdoHcy, which was
grown with a reservoir solution of 20% PEG MME 5000, 100 mM
citrate-phosphate (pH 6.4), and 30 mM ammonium sulfate. Data set
2 (PDB code 1YFJ) was collected from an orthorhombic-form crys-
tal containing the 15-mer oligonucleotide (with a protein/DNA ratio
of w1:1) and AdoHcy, which was grown under 16% PEG 6000, 100
mM MES (pH 6.0), 200 mM ammonium acetate, 10 mM CaCl2, and
10% ethylene glycol. Crystals containing the 15-mer oligonucleo-
tide grew in several forms within the same drop. Varying the pro-
tein/DNA ratio and concentration of PEG 6000 could control crystal
growth so that generally only one form appeared. Data set 3 (PDB
code 1YFL) was collected from a crystal grown with a protein/DNA
ratio ofw2:1 using the blunt-end 16-mer DNA and sinefungin under
7% PEG 6000, 100 mM MES (pH 6.2), 200 mM ammonium acetate,
10 mM CaCl2, and 10% glycerol.
Biochemical Experiments
The sequence of the 20-mer oligonucleotide substrate was 5#-GCG
ACAGTGATCGGCCTGTC-3#/5#-GACAGGCCGMTCACTGTCGC-3#,
where M is N6-methyl-Ade. In addition, nine substrates were used
that contain near-cognate sites, differing in one base pair from
GATC at the first, third, or fourth position. Oligonucleotides were
purchased from MWG (Ebersbach, München) in purified form. Site-
directed mutagenesis was performed as described (Liebert et al.,
2004). Wild-type EcoDam and its variants were expressed in E. coli
HMS174 cells as His6-fusion proteins and purified using one-col-
umn chromatography (Qiagen Ni-NTA) essentially as described pre-
viously (Urig et al., 2002).
DNA methylation was analyzed in 50 mM HEPES (pH 7.5), 50 mM
NaCl, 1 mM EDTA, 0.5 mM DTT, 0.2 g/l BSA containing 0.76 M
[methyl-3H]-AdoMet (NEN) at 37°C as described (Roth and Jeltsch,
2000) using 0.5 M oligonucleotide substrate and 0.6 M enzyme
(single-turnover conditions). Initial turnover rates were derived by
linear regression of the initial part of the reaction progress curves.
Catalytic rates larger than 1 min−1 were derived by a fit of the reac-
tion progress curves to a single exponential. All variants were puri-
fied at least twice, and at least three independent kinetic experi-
ments were performed with each preparation. Standard errors of
the rate constants derived never exceeded ±40%. In addition, mul-
tiple-turnover (steady-state) methylation rates were determined
using 25–100 nM enzyme. These analyses revealed very similar rel-
ative changes in catalytic activities as determined under single-
turnover conditions (data not shown).DNA binding experiments were analyzed by surface plasmon
resonance using a BiaCore X instrument in buffer HBS-EP (10 mMHEPES [pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.005% Surfactant
P20) as recommended by the supplier. Experiments were per-
formed at a flow rate of 10 l/min at ambient temperature using
streptavidin-coated chips (Sensor Chip SA, BiaCore). Chips were
loaded with 400–800 resonance units of the biotinylated 20-mer
substrate oligonucleotide. Protein concentrations were varied from
10 nM to 500 nM.
To compare specificities of EcoDam and its variants (Figure 6H),
a specificity factor was defined as the ratio between the rates of
methylation of the canonical site and the rates of methylation of all
near-cognate sites, viz.
S = kGATC / (kAATC + kTATC + kCATC + kGAGC + kGAAC + kGACC + kGATG
+ kGATA + kGATT ),
where kwxyz specifies the rate of methylation of the wxyz substrate.
Similarly, specificity factors for the recognition of each position
of the target sequence (Figures 6F and 6G) were defined as the
ratio between the rates of methylation of all near-cognate sites
modified at other positions and the rates of methylation of sub-
strates modified at this position, viz.
S3 = (kAATC + kTATC + kCATC + kGATG + kGATA + kGATT) / (kGAGC + kGAAC
+ kGACC)
S4 = (kAATC + kTATC + kCATC + kGAGC + kGAAC + kGACC) / (kGATG + kGATA
+ kGATT).
Supplemental Data
Supplemental Data include two figures, one table, and References
and are available with this article online at http://www.cell.com/cgi/
content/full/121/3/349/DC1/.
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